Species that cross strong environmental gradients are expected to face divergent selective pressures that can act on sexually-selected traits. In the present study, we examine the role of hypoxia and carotenoid availability in driving divergence in two sexually-selected traits, male colour and reproductive behaviour, in the African cichlid Pseudocrenilabrus multicolor victoriae. Low-dissolved oxygen (DO) (hypoxic) environments are expected to be energetically challenging; given that male nuptial colour expression and courtship displays can be costly, we expected fish in low-DO versus high-DO environments to differ in these traits. First, a field survey was used to describe natural variation in male nuptial colour patterns and diet across habitats divergent in DO. Next, using wild-caught fish from a low-DO and high-DO habitat, we tested for differences in reproductive behaviour. Finally, a laboratory rearing experiment was used to quantify the interaction of DO and diet (low-versus high-carotenoid availability) on the expression of male colour during development. In energetically challenging low-DO environments, fish were more red and, in high-DO environments, fish were typically brighter and more yellow. The frequency of reproductive displays in fish of low-DO origin was 75% lower, although this had no consequence for brooding frequency (i.e. both populations produced the same number of broods on average). Our laboratory rearing study showed carotenoid availability to be important in colour production with no direct influence of DO on colour. Additionally, weak patterns of diet variation across wild populations suggest that other factors in combination with diet are contributing to colour divergence.
INTRODUCTION
Divergent selection is an important, often ecologically-dependent mechanism driving phenotypic variation among populations from different habitats (Schluter, 2000; Coyne & Orr, 2004; Rundle & Nosil, 2005; Sobel et al., 2010) . Fundamental differences in physico-chemical properties between habitats (e.g. temperature, water quality, and physical structure, including shelter availability), as well as variation among individuals or populations in biotic interactions (e.g. competition, predation, and/or parasitism), can drive divergent selection (Schluter, 2000; DeWitt & Langerhans, 2003; McKinnon et al., 2004; Rundle & Nosil, 2005) . Divergence in traits across gradients of environmental stressors, especially stressors that are rapidly increasing as a result of human activities, are of particular interest as we try to understand consequences of anthropogenic perturbations on biodiversity (Barrett & Hendry, 2012) . In aquatic systems, hypoxia, or low dissolved oxygen (DO), is a globally pervasive environmental stressor (Diaz, 2001 ) that requires water-breathing aquatic organisms to move to zones of higher DO, improve mechanisms to maximize oxygen uptake from the water, reduce their metabolic rate and/or energetically expensive activities to reduce oxygen requirements, and/or use anaerobic metabolism to bridge the difference between aerobic capacity and metabolic demands (Chapman, 2015) .
Traits under sexual selection, such as visual communication signals, are expected to be shaped by divergent environmental conditions and often involve trade-offs with energetically expensive traits (Boughman, 2001; Maan & Seehausen, 2011) . The efficacy of communication signals (e.g. male coloration) is dependent on background environmental conditions, signal transmission, and the sensitivity of the signal receiver (Endler, 1990) . For example, if background lighting varies across populations, the signal that maximizes male conspicuousness to females is expected to vary accordingly (Gray & McKinnon, 2007; Gray et al., 2008) . Signal transmission may also be enhanced by signaller behaviour, including more vigorous or frequent courtship displays (Tuomainen & Candolin, 2011) . Because courtship and other reproductive behaviours in sexually dimorphic fish species can be energetically expensive (Grantner & Taborsky, 1998; Ros, Becker & Oliveira, 2006; Cummings & Gelineau-Kattner, 2009 ), we expect trade-offs between these activities and other traits of attraction (e.g. ornamentation) in challenging environments.
Variation in male colour expression across divergent aquatic environments has been extensively studied with respect to the underwater visual environment (e.g. habitat complexity, water clarity including eutrophication and turbidity, photic composition of underwater light, and visual sensitivity of signal receivers (Seehausen, van Alphen & Witte, 1997; Fuller, 2002; Seehausen et al., 2008; Heuschele et al., 2009; Maan, Seehausen & van Alphen, 2010; van der Sluijs et al., 2011) , geographical variation in predation (Endler, 1980; Endler & Houde, 1995) , and variation in diet (Kodric-Brown, 1989; Grether, Hudon & Endler, 2001; Grether, Cummings & Hudon, 2005a) . For example, threespine stickleback (Gasterosteus aculeatus Linnaeus) males found in tannin-stained (red-shifted) water have black rather than red throat coloration compared to males found in clear waters, maintaining a high contrast between the male and background light (Boughman, 2001) .
Red, orange, and yellow colour displays in vertebrates are largely derived from carotenoids (Price et al., 2008) ; however, vertebrates cannot synthesize carotenoids de novo and so depend on dietary uptake, with plants and algae comprising two major natural sources (Olson, 2006; Leclercq, Taylor & Migaud, 2010) . Carotenoid colour displays are thus considered costly to produce, and these costs are not only limited to acquisition of carotenoid-containing food, but also may be imposed from ecological interactions such as increased intraspecific aggression (Seehausen & Schluter, 2004; Dijkstra, Seehausen & Groothuis, 2005; Dijkstra et al., 2011) or vulnerability to predators (Godin & McDonough, 2003) , or from metabolic conversion processes, absorption efficiencies, and reduced immunocompetance (Olson & Owens, 1998; Svensson & Wong, 2011; Garratt & Brooks, 2012; Sefc, Brown & Clotfelter, 2014) . Carotenoids are also important antioxidants; thus, fish experiencing oxidative stress likely trade-off use of carotenoids for colour and antioxidants (Garratt & Brooks, 2012) . Some evidence suggests that the expression of yellow-red colours is therefore an honest indicator of fitness because only healthy individuals (i.e. immunocompetent) are able to display carotenoid-based colours (Grether, 2000; Pike et al., 2007; Svensson & Wong, 2011) . Other work supports a potential allocation trade-off between pigmentation and immunocompetance. For example, redder fighting fish (Betta splendens Regan) appear to invest less in the immune response and more in colour than blue fighting fish (Clotfelter, Ardia & McGraw, 2007) . In addition to the cost of carotenoid-based colour production, access to different forms of carotenoids may vary in nature. Goodwin (1980) reported that yellow carotenoids are more widely available in nature than red carotenoids. Consequently, for most vertebrates, acquiring red carotenoids may be more taxing (e.g. requires increased foraging and the conversion of carotenoids), making red nuptial colours potentially more costly to produce and maintain than yellow (Hill, 1996) .
Carotenoid colour signals are also affected by shifts in reproductive costs, brought on by changing environments, which can lead to the use of other, more efficient mate attraction strategies (Candolin, 2000; Sparkes, Rush & Foster, 2008) . For example, in threespine stickleback, the strength of selection on male nuptial coloration was observed to decrease in eutrophic water (high algal content, green-shifted light) compared to clear water, whereas there was an increase in the amount of time and energy males spent on courtship (Candolin, Salesto & Evers, 2007) . This increased courting activity in eutrophic waters did not result in increased mating success. Divergent environments, therefore, may lead to adjustments in reproductive strategies by altering the costs and benefits of different mate attraction tactics (Maan & Seehausen, 2011; Tuomainen & Candolin, 2011) .
In the present study, we explore variation in male coloration, diet, and reproductive behaviour across divergent environments in a small, mouth-brooding cichlid, Pseudocrenilabrus multicolor victoriae (Seegers), found in the Lake Victoria basin of East Africa (see Supporting information, Fig. S1 ). In this sexually dimorphic species, males have blue lips, and tend to be bright yellow-red ventrally, with a red patch on the anal fin (see Supporting information, Fig. S2 ), whereas females are smaller and far less colourful. Populations are found in a range of habitats that vary in DO content, turbidity, vegetation type, and temperature; from hypoxic (low DO) clear, papyrus-dominated swamps to highly oxygenated (high DO) turbid rivers (Crispo & Chapman, 2008; Reardon & Chapman, 2009 ). An initial observation and motivation for the present study was that male colour varies across these environmental gradients (I. van der Sluijs and L. J. Chapman, unpubl. data) . Previous studies on P. multicolor have focused on a suite of physiological, biochemical, and morphological traits that have allowed it to persist across divergent habitats, with an emphasis on extremes of DO (Chapman, Galis & Shinn, 2000; Chapman et al., 2002; Mart ınez, Chapman & Rees, 2009; Reardon & Chapman, 2009 . Divergence in these ecologically important traits (e.g. gill and brain size, metabolic rate, egg size) persists despite high gene flow between habitats divergent in DO (Crispo & Chapman, 2008 . Pseudocrenilabrus multicolor from low-DO habitats also have higher than normal testosterone : oestradiol ratios, which is considered to be induced by impaired enzyme function under low oxygen (Friesen, Aubin-Horth & Chapman, 2012) . Such disruptions could lead to reproductive impairments by altering behaviour and gonad maturation. Similarly, a recent study in our laboratory showed that males originating from a low-DO site performed fewer overall displays (aggression and mating) when acclimated in the laboratory to low DO compared to males from the same population held under high DO conditions (Gotanda, Reardon & Chapman, 2011) . Less courtship may reflect the energetically demanding nature of oxygen-limited environments that restrict the use of energetically expensive behaviours.
In the present study, we examine the hypothesis that an energetically challenging environment (e.g. low DO) contributes to a trade-off between reproductive behaviour and colour displays within a single, widespread species. Although a diverse and complex array of environmental and social variables (e.g. water clarity, predation, etc.) is expected to influence selection on secondary sexual traits in P. multicolor, we focus here on dissolved oxygen as a first step in understanding differences in colour and reproductive behaviour because we know that this stressor is associated with plastic and genetic divergence in other energetically expensive traits in P. multicolor (Chapman, Albert & Galis, 2008; Reardon & Chapman, 2009; Crispo & Chapman, 2010 Crocker, Chapman & Martinez, 2013) . We predicted that fish from low-DO habitats would be less active to conserve energy and would differ in male nuptial coloration from fish found in high-DO environments. To test these predictions, we first quantified previously observed differences in male colour among natural populations and assessed diet in the same populations. Second, we tested for differences in P. multicolor reproductive behaviour in wild-caught fish from two populations (representing divergent oxygen regimes) held under natural DO conditions in the laboratory. Third, we used a split-brood rearing experiment with one population of P. multicolor to test for effects of DO, carotenoid availability, and the combined effects of DO and diet on the development of male nuptial coloration in a focal population.
MATERIAL AND METHODS

STUDY SITES
Pseudocrenilabrus multicolor were collected from paired sites from two drainages in Uganda, East Africa (see Supporting information, Fig. S1 , Table S1 ): the Lake Nabugabo region that lies in the Lake Victoria basin and the Mpanga River drainage of western Uganda. These well-characterized paired sites (Crispo & Chapman, 2008; Friesen et al., 2012; Crocker et al., 2013) represent extremes of DO content. Swamps have a naturally low DO as a result of excess organic matter, whereas rivers tend to be more oxygenated; thus, the swamps represent naturally hypoxic sites where fish have likely persisted for many generations. In the Lake Nabugabo region, fish were collected from small, hypoxic pools in the Lwamunda Swamp and from the well-oxygenated waters of nearby Lake Kayanja (straight distance of approximately 9.8 km). DO levels remain low year round in the Lwamunda Swamp, with a monthly mean of 1.5 mg L À1 , whereas the monthly mean DO is 6.07 mg L À1 in the ecotonal waters of Lake Kayanja (Chapman et al., 2000; Crispo & Chapman, 2008) . In the Mpanga River, fish were collected from a site within the extremely hypoxic waters of the Kiaragura Swamp (Bwera) and from an open-water river site (Bunoga) where DO levels are fluctuating but generally high. The Bwera swamp is an extensive, papyrus-dominated wetland that feeds into the Mpanga River below Bunoga and has DO levels that remain extremely low year-round, with monthly mean of only 0.28 mg L À1 (Crispo & Chapman, 2010 (Crispo & Chapman, 2008; L. J. Chapman, pers. observ.) . We sampled during dry season conditions, when DO tends to be high in open-water sites in the Mpanga River system (Crispo & Chapman, 2008) . Other environmental variables are also expected to vary across these sites, and were measured during sampling for qualitative comparisons (see below).
FIELD SURVEY OF MALE COLOUR AND DIET
Each of the four sites (Nabugabo: Lwamunda and Lake Kayanja; Mpanga: Bwera and Bunoga) was sampled over a 1 to 4 day-period between mid-January to mid-February 2011 (first dry season of the year). Additional males were also collected in June 2011 (second dry season) to supplement sample sizes for diet analyses. Unbaited standard G minnow traps, set between 08.00 h and 10.00 h for approximately 2 h, were used for live capture of fish. Photographs of a subset of individual male P. multicolor were taken upon capture with a Canon PowerShot G11 (macro setting with no flash) in a Plexi-glass cuvette (21 9 15 9 10.5 cm) containing clear water with a white standard attached to the cuvette. Fish were gently positioned against the front window of the cuvette using a grey polyvinyl chloride sheet as a standard background. Care was taken to take the pictures under similar conditions at all sites (e.g. between 10.00 h and 14.00 h, in the shade). Fish were then euthanized with an overdose of clove oil (2.0 mL of clove oil solution (1 : 10 clove oil : ethanol) in 250 ml of water) after which they were measured (standard length; cm) and weighed (g) (see Supporting information, Table S1 ). Euthanized fish were individually tagged, and the intestinal cavity was injected with 10% formalin (to quickly preserve stomach contents) prior to preserving the fish in the same medium. The additional live males from each site were live-transferred to the field camp for spectral reflectance measurements.
At each of the four sites, point-in-time environmental parameters were measured near fish capture locations (generally two or three per site) between 10.00 h and 14.00 h. Water temperature (°C) and DO concentration (mg L À1 ) were measured using a Polaris (Oxyguard) probe. Measures were taken in the upper 20 cm of the water column; additional measures were taken near the bottom in water deeper than 50 cm. Turbidity (nephelometric turbidity units; NTU) (LaMotte 2020e) and pH (Vital Sine pH Meter) were measured for three water samples collected from the same locations at each site and time.
Colour analysis A large area of the male P. multicolor body displays yellow, orange or red (see Supporting information, Fig. S2 ). Although other colours are present (e.g. ultraviolet, blue), we were interested in potentially costly carotenoid based pigments; therefore, descriptions of 'colour' are referred to as yellow-red colours (i.e. long wavelength chroma). We used two methods to quantify colour variation. First, we followed the colour photo analysis procedure of Maan et al. (2004) to measure the proportional area of the body covered by red or yellow pixels and thus quantify the overall pattern of coloration. Using PHOTOSHOP (Adobe Systems Inc.), white balance was adjusted to the white standard in each photograph, then photographs were cropped to include only the fish's body (removing fins and eyes), and colour was assessed using SIGMASCAN PRO, version 4.0 (Systat Software Inc.). The area of fish covered by either red or yellow pixels was quantified by defining colours based on hue and saturation thresholds for the colour of interest (red: hue = 0-26 and 232-255, saturation 40-97%; yellow: hue = 27-45 saturation 40-97%, sensu Maan et al., 2004) . The total number of red and yellow pixels was then divided by the total number of pixels of the specimen to yield the total proportion of red (% Red) and yellow (% Yellow) pixels covering the body, respectively. We then calculated the ratio of % Red : % Yellow and used this metric to test for colour variation across sites.
Second, to quantify the spectral content of male colour pattern elements, spectral reflectance measurements were taken on additional males per site sensu Gray et al. (2011) . Briefly, fish were euthanized using an overdose of clove oil solution (as above), and spectral reflectance measurements were made immediately using a spectrometer (OEM S2000; Ocean Optics), tungsten-halogen light source (LS-1; Ocean Optics), and a bifurcated fibre optic cable (diameter 600 lm) that connected the probe to the spectrometer and light source. Measurements were made relative to a diffuse white Teflon standard and a dark standard. Six predetermined patches on the left side of the fish (see Supporting information, Fig. S2 ) were measured by placing the ferule of the bifurcated fibre optic cable at a 45°a ngle 1.0 cm over each patch (a black sheath covering the ferule maintained constant angle and distance from patch and excluded ambient light).
Reflectance was recorded at 0.33-nm intervals across 380-700 nm. Integration time was set at 200 ms, and the mean reflectance spectrum was calculated from five scans with boxcar smoothing set at 3 and further processing used to smooth curves to 1-nm intervals (see Gray et al., 2011) . The resulting spectra for patches 4, 5, and 6 (see Supporting information, Fig. S2 ) were typical of those indicating carotenoidbased pigments (Bleiweiss, 2004; Hoffman et al., 2006) , although the presence of pterin-based pigments cannot be ruled out (Grether et al., 2005a; Johnson & Fuller, 2015) . In accordance with Hoffman et al. (2006) , we determined the reflectance midpoint, R 50 (i.e. percentage reflectance found at the midpoint between maximum and minimum reflectance) indicative of the intensity of the signal, and the spectral position of the midpoint, kR 50 , indicative of the 'colour' of the signal. Although patches 1, 2, and 3 (found on the darker dorsal portion of the body) were typically of similar spectral shape, maximum percentage reflectance was on average < 10% and so was not evaluated further (Hoffman et al., 2006) .
Analysis of covariance (ANCOVA) was initially used to test for an effect of site (low DO versus high DO) nested within drainage and drainage on the % Red : % Yellow colour ratio, with standard length as a covariate. We refer to both Lake Kayanja and the Bunoga site on the Mpanga River as high-DO sites because the yearly mean values are much higher than the nearby swamp sites (Lwamunda, and Bwera, respectively) (see Supporting information, Table S2 ), although it should be noted that Bunoga does experience occasional low-oxygen conditions during wet seasons. Ratios and standard lengths were log-transformed to improve normality and stabilize variance where appropriate. Nonsignificant interactions were removed from the model. Because of a large site nested in drainage effect (P < 0.001), we also analyzed each drainage separately using separate ANCOVA. The spectral reflectance variables R 50 and kR 50 were analyzed in the same way as the colour ratio data to evaluate differences in intensity and colour, respectively, across populations. Environmental data were analyzed qualitatively and used for broad comparisons across sites. All statistical analyses were performed using SPSS, version 17.0 (SPSS Inc.) and evaluated at a = 0.05.
Diet analysis
For each preserved P. multicolor male, the stomach (oesophagus and intestine not included) was removed and cleaned of extra tissues. Stomach mass was recorded, and fullness was visually assessed in accordance with methods first described by Ball (1961) . This method groups stomachs into five fullness categories: (1) empty, (2) one-quarter full, (3) half full, (4) three-quarters full, and (5) completely full. Stomachs were then opened and, in accordance with the points method reviewed by Hyslop (1980) , each prey item was identified to order-level resolution. Based upon a recent assessment of the carotenoid content of various taxa (Olson, 2006) , prey items were identified and placed into categories that rank from high carotenoid content to low: algae, plants, fish, zooplankton, and insects. An additional category called 'varia' included sand, detritus, and unidentified material. Prey groups were then visually assigned a relative percentage based on the volume that they occupied, which was then converted to a points score to account for the importance of prey items in stomachs of varying fullness. To do this, the assigned percentage was multiplied by the stomach fullness.
Diet data were examined by calculating both the mean percentage volume for each prey type per site and the total points of each prey type expressed as percentage of the total points per site. The nonparametric Mann-Whitney U-test was used to detect differences in the percentage volume fish, zooplankton, insects, algae, plant matter, and varia between lowand high-DO sites within the two drainages. Diet similarity among different sites was compared using the percent similarity index (PSI) (Schoener, 1970) , using the equation:
Where p is the proportion of points of prey item 'i' in fish from site x and site y.
REPRODUCTIVE BEHAVIOUR OBSERVATIONS
Live fish for this experiment were captured as above in June 2009 and transported to McGill University, Canada, and housed in 10 separate 30-L aquaria under conditions similar to their natural environment (12 : 12 h light/dark cycle at 25 AE 0.2°C). Fish from two distinct populations were held in the laboratory at conditions similar to the yearly mean DO level assessed for each site using long-term environmental datasets (Lwamunda Swamp = 1.5 mg L À1 monthly mean; Lake Kayanja = 6.07 mg L À1 monthly mean). We selected these two populations because the DO conditions in the field are very divergent. Therefore, P. multicolor from Lwamunda Swamp were held under low DO conditions in the laboratory from June through December (weekly mean DO AE SE = 1.2 AE 0.02 mg L
À1
) to approximate natural conditions, maintained by a digital oxygen controller (Point Four Systems, Inc.) that monitored DO concentrations and periodically pulsed nitrogen gas into the aquarium through a diffuser to lower DO levels. Fish from Lake Kayanja were held under high DO conditions (weekly mean DO AE SE = 7.3 AE 0.08 mg L À1 ) in the laboratory by standard aeration.
All fish were housed in aquaria with three females and one male, with this sex ratio helping to buffer aggression against females and to control for malemale competition across aquaria. Fish were fed flake food once daily ad libitum in the morning. The brooding status of each female was visually inspected daily (i.e. a female was brooding if embryos could be seen in her mouth), and brooding females were isolated in clear plastic baskets at the top of the aquarium to prevent injury from aggression.
To quantify differences in reproductive behaviours between the two DO regimes, behavioural observations were carried out weekly on males and females in 10 aquaria (low DO, N = 5; high DO, N = 5) for three consecutive months (i.e. nine observation periods per tank from October through December 2009). All behavioural observations were carried out in the afternoon, with aquaria selected in random order by a single observer to avoid observational bias. The observation of an individual aquarium was preceded by a 10-min acclimation period during which the observer sat behind a blind (moveable, black plastic screen with a viewing strip) to acclimate fish to their presence.
During each observation period, two sequential protocols were used. First, scan observations were used to estimate the amount of time (expressed as a percentage) that each individual fish engaged in various behaviours over a set time period (see Supporting information, Table S3 ). For scans, the behaviour of each fish in a given aquarium was scored simultaneously every 10 s for 5 min. Second, a set of focal observations was performed immediately after the scans to detect rare behaviours (see Supporting information, Table S3 ). Every fish was observed individually for 5 min, and the number of times a behaviour occurred was quantified to provide an estimate of the frequency of each type of behaviour. For both scan and focal data, observations were classified into six broad behavioural categories: active, stationary, aggressive, submissive, reproductive, and feeding; loosely modelled on a previous behavioural study of cichlids (Sopinka et al., 2009 ). Each of these broad categories (except feeding) incorporated a number of specific behaviours: (1) active: darts, swims, yawns, creeps, follows; (2) stationary: still, pauses; (3) aggressive: bites, chases, head shakes, mouth fights, puffed throat, rams; (4) submissive: flees, submissive posture; (5) reproductive: mating quiver (Sopinka et al., 2009) . Because only male P. multicolor perform mating quivers, female P. multicolor were documented as performing a reproductive behaviour when engaged in a courtship display with a male. The large majority of behaviours quantified during scan observations were active or stationary behaviours, whereas aggressive, submissive, and reproductive behaviours were extremely rare. As such, scan data were used to quantify the frequency of active and stationary behaviours, whereas focal data were used to quantify the frequency of reproductive, aggressive, and submissive behaviours. The reproductive status of each female was also recorded (e.g. brooding or nonbrooding) during observation periods as a proxy for reproductive success, although the behaviour of brooding females was excluded from observation during periods of isolation.
The scan data were arcsin square root transformed, and the focal data were square root transformed to improve normality. A repeated measures analysis of variance (ANOVA) was used to test for a time effect on each behaviour in the scan and focal data sets (i.e. response variables = active, stationary, aggressive, submissive, reproductive behaviours). Data from females were used exclusively for this analysis because of missing values in the male data set. Because time effects were not significant, data were pooled within aquaria for each sex, and a twoway ANOVA was then used to detect differences in the frequency of behaviours and the overall levels of activity with population and sex as fixed factors (N = 5 hypoxia aquaria and 5 normoxic aquaria 9 2 sexes). For the frequency of reproductive behaviours, one outlier (very high frequency of reproductive behaviour in one high-DO aquarium) was removed to stabilize variance; however, inclusion of the value did not alter the results. The effects of body size (standard length) were not detected, and so body size was not included as a covariate in the ANOVA. A chi-squared contingency test was used to compare the proportion of brooding females across populations to assess reproductive success over the course of the experiment.
DIET AND OXYGEN LABORATORY REARING
EXPERIMENT
Parental stock were collected from the Bunoga site (Mpanga River drainage) and live-transferred to McGill University in 2009 to conduct a rearing experiment designed to detect effects of hypoxia, carotenoid availability, and their interaction on environmentally-induced colour variation in male P. multicolor. We selected this site because previous studies (Crispo & Chapman, 2010 have demonstrated a high degree of developmental plasticity in morphological traits in response to variation in the oxygen content of the rearing environment. This site experiences a mean DO that is relatively high (4.7 mg L-1) but fluctuates (1.7-9 mg L À1 ), therefore representing a good candidate site for where plasticity in hypoxia-induced colour variation may be likely. Stock fish were housed in 30-L aquaria in a temperature-controlled room held under a 12 : 12 h light/dark cycle at 25°C (using 40 W light bulbs), and fed once per day. To attain broods, a single male was housed with several females (two to four) in 30-L aquaria (held under normoxia) until a brooder was observed. Brooding females were isolated in separate aquaria until fry were released from their mouths and the male returned to a stock tank (80 L) so that families were not related.
We used a full-sib, split-brood factorial experimental design to test the influence of DO and diet on male colour expression: offspring from each of seven families (each family represented by a single brood) were reared in a factorial design with lowand high-DO crossed with low-and high-carotenoid diets. This experiment aimed to explicitly test for environmentally-induced effects of diet and DO on male colour; it is possible that variation among field populations may reflect genetic differentiation or variation induced by other environmental factors, although this was not tested. Each brood was divided into four groups and each group randomly allocated to one of 28 aquaria (30 L), each of which was randomly assigned to one of the four oxygen 9 diet treatments. Fish were culled to a maximum of five fish per aquarium to prevent overcrowding and to maintain similar levels of social interaction across aquaria. Seven days post release, DO in low-oxygen aquaria was gradually lowered to 1.3 mg L À1 over a 1-week period. Low-DO conditions (1.3 mg L À1 ) were created by bubbling nitrogen gas into the aquarium and covering 75% of the water surface with bubble wrap. DO levels were maintained using the Point Four System (as above). High-DO conditions (approximately 7.5-8.0 mg L À1 ) were maintained via constant bubbling of air through the water column.
Newly released fry were fed Hikari First Bites for 2 weeks and then carefully weaned onto experimental diets during the third week (fed ad libitum). Fish were fed once per day and were allowed to feed until satiated, after which time extra food was removed. Diets were made in our laboratoty based on the classic H440 fish diet; a diet composed primarily of casein, gelatine, and dextrin, which has been used in previous studies investigating the effects of dietary carotenoids on fishes (Kodric-Brown, 1989; Frischknecht, 1993; Grether et al., 2005b; Lin et al., 2010) (see Supplemental information for diet preparation details).
Treatments were randomly distributed across the available aquaria (i.e. to account for variation in temperature and light as a result of position in the aquaria racks). Each aquarium was equipped with a Hagen Fluval underwater filter. Water quality (DO, pH, ammonia, nitrite, conductivity) was assessed weekly, and water changes were used as necessary to minimize variation among aquaria in all variables except dissolved oxygen and food.
The largest male P. multicolor in each aquarium was photographed at four different stages of development to document the ontogenetic expression of nuptial colours. Initial photographs were taken just prior to sexual maturity (approximately 4 months) and continued at 2-month intervals until the end of the experiment (10 months). Digital photographs were analyzed as above. ANCOVA was used to detect variation in male coloration (% Red, % Yellow, and % Red : % Yellow) with family as a random factor. Although we always chose the largest, dominant male to be photographed at each time period, different individuals may have been photographed at the various time points because of mortality or social changes; therefore, each time period was tested separately. Interaction terms between the fixed factors and the covariate (standard length) were removed when not significant.
RESULTS
STUDY SITES: ENVIRONMENTAL DATA
During field sampling periods, the two low-DO swamp sites were characterized by very hypoxic conditions: DO averaged 0.5 mg L À1 in the papyrusdominated Bwera swamp site and 1.2 mg L À1 in the pools of the Lwamunda Swamp (see Supporting information, Table S2 ). In comparison, DO averaged 8.5 mg L À1 at the Bunoga site of the Mpanga River and 7.8 mg L À1 at the Lake Kayanja site (see Supporting information, Table S2 ). Mean water temperature ranged from 18.7 to 22.3°C in January and February and from 20.5 to 27°C in June (see Supporting information, Table S2 ). Turbidity ranged from 1.48 to 29.8 NTU at low-DO swamp sites and from 12 to 13 NTU at high-DO sites (see Supporting information, Table S2 ). These values represent pointin-time measurements.
FIELD SURVEY OF MALE COLOUR AND DIET
Male colour
The nested ANCOVA results yielded large drainage effects (Fig. 1, Table 1 ) for all colour variables tested and so drainages were also analyzed separately. Analysis of photographs revealed that fish from the low-DO swamp sites had consistently higher ratios of % Red : % Yellow compared to lake/river sites across drainages (Fig. 1A) . The shape of the spectral reflectance curves suggest that P. multicolor males display carotenoid-based pigments on the lateral and ventral portions of their bodies (see Supporting information, Fig. S2 ) (Hoffman et al., 2006) . The properties of these spectra differed between high-DO and low-DO sites: fish from low-DO sites were significantly darker (lower R 50 ) and red-shifted (on average 21 nm longer wavelength kR50) relative to lake/river fish, matching the red-shift observed in the photographic analysis (Fig. 1B, C, Table 1 ) and previous unpublished observations.
Diet analysis
Of 150 male P. multicolor captured at the four sites, 83 had non-empty stomachs (see Supporting information, Table S4 ). The dominant items in the diet of P. multicolor were insects, plant matter, and fish remains; this general pattern was similar when expressed as the mean percentage volume or the percentage of total points ( Fig. 2A, B) . Within the Mpanga drainage, fish from the high-DO river site were characterized by a higher proportion of fish (Mann-Whitney U-test, P = 0.001) and a lower Figure 1 . Colour variation in male Pseudocrenilabrus multicolor from two drainages (Mpanga and Nabugabo) and two sites per drainage [solid circles represent highdissolved oxygen (DO) sites, solid triangles represent low-DO sites]. A, estimated marginal mean AE SE ratios of % Red : % Yellow of the body area measured using photo analysis. High proportions signify more red, whereas lower scores are more yellow. Ratios were log transformed. Estimated marginal mean AE SE of (B) reflectance midpoint (R 50 ) and (C) spectral position of midpoint (kR 50 ) measured using spectral reflectance. All pairwise comparisons within drainage were significant at a = 0.05, except for kR 50 in the Mpanga drainage (Table 1) . proportion of zooplankton (P < 0.001) than fish from the low-DO Bwera site (Fig. 2B) . No other prey categories differed between the two sites (insect: P = 0.101; plants: P = 0.060; algae: P = 0.271).
Within the Nabugabo drainage, P. multicolor from the low-DO Lwamunda Swamp were characterized by a higher proportion of zooplankton in their diet (P = 0.004) than the high-DO lake site, although other prey types did not differ significantly between the two sites (P ≥ 0.150). Dietary similarity (estimated by the PSI; see Supporting information, Table S4 ) averaged 68% and was lowest between the low-oxygen Bwera site and the two high-DO sites (Bwera versus Bunoga = 57%; Bwera versus Kayanja 59%). Comparatively, dietary overlap among the other three sites was relatively high (69-77%).
REPRODUCTIVE BEHAVIOUR OBSERVATIONAL STUDY
Results of repeated measures ANOVA indicated no significant effect of time on any of the behaviours in the scan or focal data sets (results not shown). As a result, data for all behaviours were averaged across time periods prior to testing for effects of population, sex, and their interaction. ANOVA on behaviours quantified using scan data indicated that males exhibited active behaviours 47% more frequently (Table 2 ) and, consequently, stationary behaviours less frequently than females (Fig. 3A, Table 2 ). ANOVA on behaviours quantified using focal data indicated a 53% higher frequency of aggressive behaviour in males than in females (Fig. 3B , Table 2 ), and an 88% higher frequency of submissive behaviours in females than in males (Table 2 ). There was no observed population effect for active, stationary, aggressive or submissive behaviours; however, the frequency of reproductive behaviours was 75% lower in fish from the low-DO population compared to fish from the high-DO population (Fig. 3C , Table 2 ). There was no observed difference in the proportion of brooders between the populations (v 2 = 0.624, P > 0.25).
DIET AND OXYGEN LABORATORY REARING
EXPERIMENT
Within each time period of the rearing experiment, fish from high-carotenoid treatments were characterized by a greater % Yellow than fish from low-carotenoid treatments (Fig. 4A, Table 3 ; see also Supporting information, Fig. S3 ). Yellow coloration also increased with time in fish from all treatments. In comparison, red coloration tended to decrease with time, although there were no significant treatment effects, except at month 6, when % Red was greater in the high-carotenoid treatment (Fig. 4B , Table 3 ). The % Red : % Yellow ratio support these trends (Table 3) . We found no evidence for a significant effect of low DO on coloration, despite successfully maintaining consistent low-DO conditions for 10 months (see Supporting information, Table S5 ).
DISCUSSION
Our field survey of P. multicolor in two drainages of Uganda indicated repeated differences in male coloration between habitats, with P. multicolor males from low-DO swamp sites having more red and males from high-DO river and lake sites characterized by a higher percentage of yellow. Although the number of sites that we have looked at to date is limited to two paired comparisons, these repeated results in two Figure 2 . Percentage contribution of prey in the diet of Pseudocrenilabrus multicolor from two drainages (Mpanga and Nabugabo) and two sites per drainage calculated as (A) proportion of total points for each prey type and (B) mean percentage volume of each prey type. Sample size of non-empty stomachs was 22, 16, 16, and 29 for Bunoga, Bwera, Kayanja, and Lwamunda, respectively (for additional information, see Supporting information, Table S1 ).
drainages are suggestive of a larger pattern that will be tested in the future. Additionally, our behavioural observations of wild-caught fish held under native DO conditions show no difference in brooding frequency, despite fish from a low-DO site performing reproductive behaviours at a significantly lower frequency than fish from a high-DO population. This suggests that low DO could be inducing a physiological trade-off in male P. multicolor, where energetically expensive courtship behaviour is reduced in hypoxic habitats but mate attraction is maintained by increasing red coloration. Interestingly, we did not find a relationship between DO and red-yellow colour expression in our laboratory rearing experiment, indicating that development under hypoxia does not by itself induce greater red coloration, at least in the one population of fish tested. As expected, there was a strong link between dietary carotenoid availability and the production of yellow coloration. We discuss these findings in the context of ecological divergence in sexually-selected traits, and we introduce potential scenarios that may reconcile differences between the field and laboratory studies.
POTENTIAL LOW OXYGEN-INDUCED TRADE-OFF BETWEEN COURTSHIP AND COLOUR
Short-term energetic costs associated with male courtship displays have been shown to be high relative to resting activity in many taxa (e.g. courting salamanders: Bennett & Houck, 1983 ; calling frogs: Bucher, Ryan & Bartholomew, 1982; Ryan, 1985; Taigen & Wells, 1985; displaying birds: Oberweger & Goller, 2001 ; fireflies: Woods et al., 2007 ; spiders: Kotiaho et al., 1998; Hoefler, 2008) . In cichlid fishes, reproductive behaviours are suggested to be particularly costly because breeding rituals are characterized by a high level of parental care (females) and elaborate courtship displays (males) (Baerends & Baerends van Roon, 1950; Desjardins et al., 2008; Nakazawa & Yamamura, 2009 ). Given the potentially high energetic cost of courtship in male P. multicolor, we expected a decrease in the intensity of displays under taxing conditions such as low DO, potentially diverting energetic expenditures to other traits or behaviours that promote reproductive success. The results of our behavioural study support this hypothesis: the frequency of reproductive displays was 75% lower in wild-caught fish from a low-DO site than fish from a high-DO site, although there was no difference between source populations in brooding frequency. This suggests that, despite less active courtship, low-DO males were still attractive to females. Such a reduction in energy expenditure could also help alleviate oxidative stress, reducing the use of carotenoids as antioxidants and freeing them for deposition in the skin as pigments.
SOURCE OF VARIATION IN MALE COLOUR
Although a higher proportion of red colour was correlated with low-DO and yellow with high-DO habitats in the field, DO availability appeared to have no direct effect on the amount of yellow and/or red colour in fishes of high-DO origin reared under lowversus high-DO conditions in the laboratory. If DO was the main driver in colour variation, we expected fish to be more red in low-oxygen rearing treatments based on our field survey findings, especially when carotenoid availability was high. Our findings do not necessarily exclude this possibility. For example, if colour expression is largely under genetic control (low level of plasticity), we would expect the fish used in the experiment (which originate from the high-DO Bunoga site) to be more yellow, as we found to be the case in the wild Bunoga population. Fish from high-carotenoid treatments were characterized by a greater % Yellow than fish from low-carotenoid treatments across all time periods, and fish from all treatments exhibited more yellow than red. If fish from the low-DO Bwera site were reared in a similar experiment, we would expect them to exhibit a higher proportion of red compared to yellow, regardless of oxygen treatment, if colour expression has a large genetic component. In a closely-related species, P. philander, several sympatric ecotypes have evolved that can be distinguished by differences in male nuptial coloration that are similar to population-level colour differences observed in the present study; however, the mechanism driving colour divergence in that system is also unknown (Stelkens & Seehausen, 2009 ). Population-level genetic variation in the differential use of carotenoids has been shown in a number of taxa, including red and blue fighting fish morphs (Clotfelter et al., 2007) and red and yellow African weaver birds Euplectes spp. (Prager, Johansson & Andersson, 2009) . Thus, it is conceivable that P. multicolor populations also differ in how they incorporate dietary carotenoids. Additionally, another class of pigments, pterins, reflect in the long wavelength end of the spectrum and can be synthesized by vertebrates. In some cases, such as the Trinidad Guppy (Poecilia reticulata), pterins are used in combination with carotenoids to produce orange spots (Grether et al., 2005a) , whereas, in the bluefin killifish [Lucania goodei (Jordan)], carotenoid and pterin pigments are used separately to produce orange in the caudal fin and yellow-red in the anal fin (Johnson & Fuller, 2015) . In the guppy, pterin synthesis and deposition is heritable (Grether et al., 2005a) . We cannot rule out the presence of pterinbased pigments in P. multicolor, although the significant difference in colour of males reared on low versus high carotenoid diets means that long wavelength colour signals are largely carotenoid-dependent in this species. Our rearing experiment was designed to detect plastic effects of hypoxia and diet on colour variation. We anticipated plastic effects of hypoxia on colour variation, given the high levels of plasticity exhibited by this species in response to divergent DO environments. We did detect plastic effects, although these were driven by diet rather than oxygen availability. Insights into population effects on colour will be an informative next step, which could be achieved through common-garden rearing experiments on multiple populations from low-DO and high-DO sites and biochemical analysis to assess pigment composition.
DIET, CAROTENOID AVAILABILITY, AND COLOUR
The presence of dietary carotenoids was clearly important for the production of colour in laboratory-reared P. multicolor. Throughout development, fish fed on high carotenoid diets produced more red and yellow colour overall relative to those on low carotenoid diets. This finding supports a number of studies that have demonstrated intraspecific differences in colour associated with variation in dietary carotenoids (Grether, Table 2) . Hudon & Millie, 1999; McGraw et al., 2001; Costantini et al., 2005) . Interestingly, we demonstrated clear colour differences between high-and low-DO field sites but no conclusive trends between our field diet analysis and habitat. The major difference between the diet of P. multicolor between low-DO swamp sites and the high-DO sites was a higher proportion of zooplankton and, in the case of Bwera, a lower proportion of fish than in high-DO Bunoga site. Although we did not measure carotenoid concentration in the foods consumed by P. multicolor, there was no evidence that foods known to contain high carotenoid concentration (e.g. algae, plants; Olson, 2006) were more abundant in the diet of swamp-dwelling P. multicolor. This suggests that one or more factors in addition to diet may be driving the observed colour divergence. Limitations of our diet study include (1) the point-in-time collection: it is possible that a seasonal sampling scheme may have yielded more inter-site variation in diet; (2) capture methods: minnow traps may have selected for specific behavioural types, thus not representing the full dietary breadth of each population; and (3) the resolution of our diet data: it is possible that the taxa of plants and algae consumed varied in carotenoid content across sites.
WATER PROPERTIES AND LIGHT TRANSMISSION
The swamp sites in both drainages are characterized by clear but tannin-stained water that is reddish in appearance. Clear waters are characterized by broad-spectrum, high intensity light that gives background water a low-intensity blue-green background. By contrast, 'tea-stained', tannin-rich waters create a red-shifted, lower intensity background (Lythgoe, 1979) . This means that males with dark, red-shifted colour patterns are found in red-shifted habitats, whereas males with a higher proportion of yellow and brighter signals are found in sites with potentially shorter wavelength, broader-spectrum ambient light. Differences in water colour between sites may contribute to differences in the perception of fish colour by conspecifics because colour perception is affected by attenuation, absorption and scattering of light, and the visual sensitivity of the signal receiver (Endler, 1990) . Fish may optimize the conspicuousness of their colour signal by shifting their colour (i.e. increasing chromatic contrast) or by becoming brighter (i.e. increasing signal intensity) [e.g. in sticklebacks: Boughman, 2001; bluefin killifish: Fuller, 2002 ; pygmy perch Nannoperca australis (G€ unther): Morrongiello et al., 2010] . In P. multicolor, it is not clear whether redder fish living in red-shifted swamp sites are more conspicuous than yellower fish living in less red-shifted river/lake sites. It could be that neither is more conspicuous in its respective environment but that a threshold contrast is being maintained across all habitats. As noted above, male stickleback in red-shifted environments have black rather than red throat patches, which would be perceived as a contrasting patch in that environment (Boughman, 2001 ). This could be driven by female choice that has evolved to favour a certain contrast level, regardless of changes in habitat and light conditions. Alternatively, differences in turbidity between sites could contribute to differences in the colour and availability of light, thus influencing the strength of selection on male colours (e.g. Maan et al., 2010) . For example, Maan et al. (2010) show that, in the cichlid Pundamilia nyererei, female preference for male nuptial coloration is diminished in turbid compared to clear waters, and this is associated with more drab coloured males in turbid habitats. In the P. multicolor system, low-DO sites tend to be clear (i.e. low suspended sediments/turbidity) but tea-stained Figure 4 . Development of (A) % Yellow and (B) % Red coloration over 10 months in Pseudocrenilabrus multicolor males reared under low-or high-DO crossed with low-carotenoid or high-carotenoid food. Beginning at sexual maturity (approximately 4 months), colour was measured every 2 months and time periods were analyzed separately for treatment effects and their interaction. % Red scores were square root transformed for analysis; and untransformed values are presented. (i.e. high dissolved organic carbon), whereas high-DO sites tend to be variably turbid (Crispo & Chapman, 2008; L. J. Chapman, pers. observ.) . We might then expect the red-shifted colour pattern that we observe in low-DO swamp habitats to be a reflection of female preference for high contrast males, and the more yellow male coloration observed in high-DO rivers and lakes to reflect decreased visibility and female preference. We know that increased turbidity results in labile behavioural responses where male P. multicolor exhibit more aggression toward competitors (Gray et al., 2012) . Quantification of the background light environments and the interaction between turbidity and DO regimes are currently being explored.
CONCLUSIONS
In this initial examination of secondary sexual trait divergence in wild-caught P. multicolor, we report the first evidence of male colour divergence across environmental gradients, contributing to our general understanding of divergence across extreme environments. The finding that P. multicolor males from low-DO habitats have a lower reproductive display frequency, in combination with observed male colour variation, provides support for a possible trade-off, where male P. multicolor from low-DO populations maintain levels of mate attraction by increasing levels of (potentially) more costly nuptial colours (i.e. red), and reducing energetically expensive courtship displays. In addition, our laboratory study supports the role of carotenoid availability in the diet as a driver of phenotypically plastic colour variation as expected, and suggests that colour production may have a fixed genetic component, and/or that other environmental factors (e.g. light environment) coupled with low DO are important in driving colour divergence among populations in the field. Our low-DO sites are chronically and naturally hypoxic and our body of work on P. multicolor suggests that the fish have adapted over generations to this extreme environment. Hypoxia is likely to be an increasingly important ecological variable in aquatic ecosystems as the intensity and frequency of hypoxic events continue to rise globally (Diaz, 2001) . Thus, continued research examining the role of hypoxia as a driver of adaptive divergence may provide important insights into potential effects of the global hypoxia crisis on the maintenance of fish diversity.
SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article:
Data S1. Supplemental information. Table S1 . Sample size and mean AE SE standard length (SL) (cm) of Pseudocrenilabrus multicolor collected from four field sites in Uganda for stomach content analysis and color photo analysis (note some fish were used for both analyses). Table S2 . Point-in-time measurements of various environmental characteristics for four field sites (AE SE) where Pseudocrenilabrus multicolor were sampled during dry season months in 2011 in Uganda. Table S3 . Description and classification of behaviours for Pseudocrenilabrus multicolor of swamp (low DO) and lake (high DO) origin collected and scored during observational periods. Table S4 . Percent Similarity Index among the diets of Pseudocrenilabrus multicolor collected from four sampling sites across two drainages in Uganda. Table S5 . Average water temperature (°C) and dissolved oxygen concentration (mg L À1 ) (AE SE) for the four treatments used in the laboratory rearing experiment. Mean values were calculated from weekly measurements taken over 10 months. Figure S1 . (A) The Mpanga River system of Western Uganda where samples were collected from the Bwera swamp site (low DO) and the Bunoga river site (high DO); and, (B) the Nabugabo region where samples were collected from the Lwamunda Swamp (low DO) and Lake Kayanja (high DO) (map modified from Crispo & Chapman, 2008) . Figure S2 . Example spectral reflectance measurements taken at six predetermined patches on the left side of four wild-caught Pseudocrenilabrus multicolor (one for each site: A) Bunoga, B) Bwera, C) Lake Kayanja, and D) Lwamunda). Spectra are colour coded with patch location on fish photo in (A). Fish photos correspond to the specific fish used for spectral analysis of field populations. Figure S3 . Example spectral reflectance measurements were taken at six predetermined patches on four lab-reared Pseudocrenilabrus multicolor, one from each treatment group (A) high DO-high carotenoid, (B) low DO-high carotenoid, (C) high DO-low carotenoid, (D) low DO-low carotenoid), at the end of the lab-rearing experiment. Spectra are colour coded with patch location on the fish in (A). Fish photos are of the fish that were measured for spectral analysis.
